The binding study and spectral behavior of novel DNA interacting dyes, bis(vinylpyridinium) benzene derivatives, are reported. Implantation of a extended ic-electron moiety into a viologen molecule has lead to the preparation of a series of dicationic dyes with fluorescent properties and potential capability of interacting with DNA by both groove binding and intercalation mode. Drug-DNA interactions were investigated by UV-VIS absorption and fluorescence titration, and circular dichroism measurements. There were no clear isosbestic points in titration data which suggested complex interaction of drugs with DNA. As a tentative explanation of these results, we believe that dye molecules aggregate or intercalate with DNA at lower P/D ratios (DNA to dye concentration) and undergo redistribution in the minor groove at higher P/D ratios. The groove binding mode was supported by presence of induced CD spectra of dyes in the presence of AT sequence containing oligonucleotides. The most pronounced groove binding was observed for the curved m-bis(vinylpyridinium) benzene derivative. Such bimodal behavior may be of great importance for the further application of dyes since DNA sequence selectivity can also serve as valuable tool for the development of base selective DNA probing methods.
Fluorescence techniques are well established in the study of biosystems and other ordered media.' Nucleic acids offer a variety of their possible applications including structural studies, quantitation of oligonucleotides as well as monitoring and recognition of many important compounds. The approach based on the noncovalent interaction between oligonucleotides and fluorescent dyes represents a novel family of DNA labels whose composition, structure, and size can be tailored to particular applications.2 These methods utilize the complex formation between oligonucleotides and small fluorescent molecules whose spectral characteristics undergo significant changes upon binding. Small molecules can interact with nucleic acids in a variety of ways, including surface binding to their grooves, intercalation, or territorial (electrostatic) binding.3 A number of fluorescence based assays have been reported for the direct quantitation of nucleic acids48, and for indirect detection and quantitation of several organic carcinogens, toxins and drug molecules interacting with double stranded DNA9"12. Indirect methods utilize competition assay where DNA-bound fluorescent dye is displaced by analyte. The relatively narrow group of fluorescent dyes has been applied for this purpose. The most extensively studied are dyes exhibiting enhancement of fluorescence upon binding to DNA, such as ethidium bromide (EtBr)4'5'9", acridine orange (AO)9"2, and highly fluorescent cyanine dyes YOYO and TOTO.8 All of these drugs bind very strongly to DNA and they exhibit a lack .of base-pair selectivity. Continuing our interest in new DNA interacting molecules13'14, we propose a novel group of fluorescent dyes which potentially seems to be suitable for the fluorescence based competitive assays. They are featured by the presence of viologen unit bridged by extended n-electron spacer. on the contrary, intercalation into double-helical DNA has been proposed for the planar polyaromatic analogs of viologen, i.e., dimethyldiazapyrenium ion (Kb 10' M_')'6, Replacement of a polyaromatic system in diazapyrenium intercalator for a linear extended itelectron moiety would lead to a molecules capable of interacting with DNA both, by groove binding and intercalation. Such bimodal behavior may be of great importance for the further application of dyes since DNA sequence selectivity can also serve as valuable tool for the development of base selective DNA probing method or sequence-specific artificial photonuclease. In order to examine the effect of structural parameters of dyes on their binding affinity and spectral properties, the prepared dyes differ in the bulkiness of alkyl group at pyridinium nitrogen and in the substitution mode of benzene. (Fig. 1) .
The spectral characteristics of the new series of dications based on the bridged viologen structure and the study of their interactions with nucleic acids constitute the goal of presented paper.
Experimental

Reagents and methods
The synthesis and structural confirmation (NMR, IR, elemental analysis) of the novel cationic dyes (Fig. I ) , will be reported elsewhere. Calf Thymus DNA (CT-DNA) was purchased from Sigma Chemical Co. and was purified as described previously.13 Poly[d(A-T)]2 and poly[d(G-C)]2 were also purchased from Sigma and were used without further purification. All the experiments were conducted either in MES buffer (10 mM 2-(Nmorpholino)ethanesulfonic acid containing 1mM EDTA) adjusted to pH 6.2 with NaOH or in HEPES buffer pH=7 (10 mM 4-(2-hydroxyethyl)-1 piperazineethanesulfonic acid). A Milli-Q filtered water (Millipore Co.) was used throughout. A typical titration consisted of successive addition of small amounts of concentrated CT-DNA solution to a solution of dye in buffer, followed by mixing, thermal equilibration, and recording of the spectrum.
Apparatus
Absorption spectra were recorded with a Hitachi U-3210 and 3300 spectrophotometers equipped with a SPR 10 temperature controller. Steady state fluorescence measurements were carried out using Hitachi 650-60 and F-4010 spectrofluorimeters with excitation and emission band widths of 5 nm. Cell compartments were thermostated at 25°C.
All measurements
were carried out using 10 mm quartz cell, spectra were corrected at 280 -600 nm range by a microprocessor operated correction mode, using Rhodamine B as a photon counter. Circular dichroism spectra were recorded at 230 -700 nm range on a Jasco J7200 spectropolarimeter.
Results and Discussion
The absorption spectra of bis(vinylpyridinium) benzene dyes exhibit the long wave absorption band in the visible region with relatively high molar absorptivity. The position of bands and molar absorptivity are collected in Table 1 . Ethanol solution of dyes shows bathochromic shift of band when compare with aqueous solution. Neither new absorption bands nor significant deviation from linearity of calibration graphs have been observed in the examined concentration range (5x106 -5x10"4M). The presence of buffer does not affect spectral characteristics since the spectra in pure water show the same spectral parameters. Thus, one can conclude that bis(vinylpyridinium)benzene derivatives exist in aqueous solutions and organic solvents as monomers, and do not undergo aggregation which process is common in case of fused-ring heterocyclic drugs '6-'s In the presence of nucleic acids all dyes exhibit significant hypochromicity but its extent depends on oligonucleotide concentration. At low P/D ratios (oligonucleotide phosphate to dye concentration), the absorbance decreases without any important wavelength shift. This first step can be followed at wavelength typical for aqueous dye solutions, and hypochromicity depends generally on the bulkiness of alkyl substituents (Me < i-Pr < i-Am). At higher P/D, new bands appear, red shifted by ca. 8 nm as compared to those of free dyes. The absorbance changes of these new bands are distinctly different from those at wavelength characteristic for free dyes, showing hyperchromicity with P/D increase. Unfortunately, there were no clear isosbestic points between the first and second band which hampered the calculation of binding constants from titration data. Nevertheless, valuable qualitative information can be extracted from the titration plots shown in Fig. 2 . Considering high hypochromicity as indicative of intercalation of dyes3 , one can conclude that CT-DNA favors intercalation of dyes at low P/D ratios, especially in case of bulky substituentcontaining derivatives. This seems to be reasonable if one considers that such a substituent may act as a stopper, thus hampering dissociation process of the formed complex. Even in the presence of poly[d(A-T)]2 intercalation still is evident for IAVPB, despite well documented ability of AT sequences for preference of groove binding mechanism.3 On the contrary, derivatives with methyl and i-propyl groups bind to A-T sequence with comparable affinity (curves 2 and 4) which differs markedly from that for i-amyl dye (curve 6). It should be stressed that curved derivative, mMVPB, shows significantly different titration profile which is featured by a gradual decrease in absorbance without its further restoration (curve 7). A possible explanation of this difference should involve general tendency observed for Cshaped drugs for groove binding preference.3 There is still another possible explanation for the initial drop in absorbance (low P/D). This involves territorial binding of stacked (aggregated) dye molecules. Although there is no evidence for dye stacking tendency in aqueous solution, DNA matrix may promote this process to some extent. Careful analysis of titration traces suggests however, that stacking process is of minor importance in our system. The highest aggregation ability is expected for less bulky alkyl groups, therefore the reverse tendency in decrease of absorbance observed here indicate rather minor contribution from this process.
Fluorescence titration data supported above conclusions, showing similar titration behavior for all systems. It should be noted that contrary to CT-DNA which causes significant quenching of dye fluorescence, in the presence of poly[d(A-T)]2 an enhancement of dye emission is observed. In all systems the position and shape of emission band are virtually insensitive to P/D ratio. The initial (low P/D ratio) quenching of dye emission can be explained by intercalation (guanine quenching) as well as by aggregation of dye (nonemitting aggregates). Further enhancement of fluorescence is in agreement with the insertion of dye into the minor groove thus protection from rotational or torsional quenching prevailing for free dyes. Contrary to linear derivatives which at least restore their initial fluorescence intensity at higher P/D ratios, curved mMVPB once more shows a different behavior exhibiting gradual quenching with CT-DNA concentration.
Finally, the fluorescence quantum yield of mMVPB is deteriorated by a factor of 5 at P/D equal to 20. The difference in quenching behavior of linear and curved derivatives may be rationalized in terms of electron transfer mechanism's"6 If one compares the position of absorption bands of dyes (Tab. 1) it is clear that mMVPB has the highest energy of 0-0 transition, and in the same time redox potential for all dyes are Rehm and Weller equation19, the driving force for guanine-dye electron transfer is expected to be the highest for mMVPB.
Finally, to prove validity of groove binding mechanism, the circular dichroism spectra (CD) of oligonucleotide-dye complexes have been recorded at varying DNA concentration. An example of CD spectra for mMVPB in the presence of AT-and GCtype polymers is shown in Fig. 3 . Beside CD bands typical for nucleic acid bases at the 220-300 nm wavelength range, a dramatic difference in the range beyond 300 nm where dye absorbs is evident. Spectrum of mMVPB/poly[d(G-C)]2 system shows virtually no optical activity in this region, whereas dye bound to AT polymer exhibits strong induced CD activity (lCD). In the presence of CT-DNA this band was also observed but intensity is lower. The binding constants estimated by Benesi-Hildebrand type relationship gave in both cases comparable values of the order 104. Moreover, CD spectra of other dyes show ICD in the presence of CT-DNA with intensity being about 3 times lower than that for mMVPB. Although differences in ICD activity between particular linear-type dyes are not significantly pronounced, it is still possible to make a series whose order is consistent with the DNAbinding affinity assessed by absorbance titration, pMVPB>IPVPB>IAVPB.
It is clear that ICD observed for dye-AT complex and a lack of this in case of GC-type polymer can be considered in our system as a criterion of groove binding.
Concluding,
although there is still no definite evidence for intercalation of dyes and it should be further proved by viscosity titration, as a tentative explanation of present results we believe that the dye molecules selectively interact with DNA at high P/D ratios according to groove binding model and at low P/D ratios part of dye appears to intercalate with DNA or is externally bound in an aggregated state. Diverse spectral behavior of dyes is promising for their further application for the development of base selective DNA probing method or sequence-specific artificial photonuclease. 
